Abstract. the most important molecular mechanisms promoting carcinogenesis in patients with diabetes mellitus (DM) include oxidative stress, excessive generation of free radicals and nitrous oxide, damage to cellular membranes and Dna, overproduction of lactate, overabundance of protein glycosylation storage products, overexpression of pathological enzyme isoforms, and leakage of cytochromes from organelles. additionally, dysfunctional signal transduction pathways, especially in pathways involving phosphoinositide 3-kinase (Pi3K)/phosphatase and tensin homolog (Pten)/akt, raS/raf/erK, and mammalian target of rapamycin (mtor), have been implicated in malignant transformation and progression. obesity and metabolic disorders, such as DM, may contribute to a dysfunctional immune system with a suppressed immune response by inducing a chronic inflammatory state, abnormal humoral and cellular mediated immunity, and lower counts and activity levels of natural killer (nK) cells and natural killer t cells (nKt cells). recent advances in molecular biology will allow for better understanding of abnormal cellular pathways, as well as elucidating how metabolic disorders contribute to oncogenesis. Knowledge gained through these studies may lead to more efficacious oncologic therapies.
into cells, as well as regulation of intracellular signaling pathways, insulin significantly affects both the cellular transcriptome and proteome (1) . Moreover, high serum insulin concentration inhibits autophagocytosis, proteasome activity, and apoptosis (2) . therefore, physiologic insulin concentrations are mainly associated with metabolic effects and higher concentrations stimulate anti-apoptotic and mitogenic effects (3) (fig. 1 ).
when insulin binds to its receptor, two pathways become activated: mitogen-activated protein kinase (MaPK) and phosphoinositide 3-kinase (Pi3K) pathway (4, 5) . activation of MaPK results in transmission of mitogenic signals to the nucleus. activation of the Pi3K pathway leads to protein kinase B (PKB) activation and conversion to its active form (akt/PKB). further activation of the mammalian target of rapamycin (mtor) pathway enhances protein and fatty acid synthesis and inhibits apoptosis ( fig. 2 ). Proteins homologous to insulin, insulin-like growth factors Ⅰ and Ⅱ (iGF-Ⅰ and -Ⅱ), regulate cellular growth and differentiation. this is accomplished by signal transduction pathways through their respective receptors, iGF-ir and -Ⅱr, and also by interactions with insulin-like growth factor-binding proteins (igfBPs), igfBP-1 through 6 (6, 7) . igf-i binding to igf-ir results in increased cellular proliferation and apoptosis inhibition. iGF-Ⅱ has a similar effect but its function is mainly limited to the fetal period, and plays a major role in the development of major organs. ir and igf-ir belong to a molecular class of proteins called tyrosine kinase receptors. intracellular pathways activated through igf-ir by igf-i are similar to those pathways activated by insulin binding its receptor (8) . in high concentrations, insulin activates its own receptor, ir, as well as igf-ir, stimulating cellular growth and proliferation. a similar cross-receptor activation phenomenon was reported with high igf-i concentrations ( fig. 3) (9) . high post-prandial or exogenously-administrated insulin levels lead to the inhibition of igfBP-1 synthesis and, therefore, result in increased free igf-i concentrations (10) . additionally, the activation of igf-ir and ir appears to be affected by the function of another class of regulatory proteins called tyrosine phosphatases. Specifically, protein tyrosine phosphatase 1B (PtP1B) acts directly on ir, resulting in decreased cellular insulin sensitivity. furthermore, ir inhibitors appear to increase insulin sensitivity, especially in tumor cells (11).
In vitro and biochemical studies have identified three critical aspects of the insulin signal transduction pathway: ir and igf-ir binding with their substrates, multiple isoforms of Pi3K and akt (akt1-3), and multiple isoforms of atypical protein kinase c (PKc), including PKcλ and ζ. Processes associated with the regulation of these aspects impact downstream metabolic steps, cell growth, and cellular viability, and possible carcinogenesis ( fig. 3) (12) . a subset of regulatory proteins affecting cytokine signal pathways also influence the insulin transduction pathway. examples of these proteins include SocS1 and 3 proteins, igf-r binding protein (grb10), and plasma cell membrane glycoprotein-1 (Pc-1/enPP1) particles (13) (14) (15) (16) (17) (18) . this subset of proteins reduces the functionality of ir by blocking the interaction of protein kinases, as well as figure 2. insulin receptor (ir)-and igf-dependent intracellular signaling pathways. irS proteins, insulin receptor substrate proteins; grB protein, growth factor receptor-bound protein; Shc, adapter protein; raS, raS protein; tSc1/2, hamartin/tuberin; LKB1 gene, liver kinase B1 gene; rheb, gtP binding protein; rpS6, ribosomal protein S6. modifying receptor-dependent activation. Moreover, SocS protein concentrations are significantly increased in obesity, promoting insulin resistance. furthermore, suppressors of cytokine signaling proteins (SocS proteins) regulate the janus kinase (jaK)/signal transducer and activator of transcription (StAt) pathway; this pathway plays a significant role in the development of many cancer types, especially hematologic malignancies ( fig. 4) .
Prior studies demonstrated that tumor cells express increased ir levels. neoplastic cells may demonstrate >50% higher ir expression rates, especially the ir a isoform. this receptor is the fetal variant, activated primarily by iGF-Ⅱ, and is most frequently observed in breast, lung and thyroid cancers. Moreover, tumor cells also overexpress igf-i, igf-ir, and hybrid receptors (19) (20) (21) (22) (23) (24) (25) . these overexpressed receptors may promote neoplastic growth. iGF-Ⅱ expression, through the influence on iGF-ir overactivation, may cause growth-promoting conditions as well (26) (27) (28) . on the other hand, iGF-Ⅱr can bind with iGF-i as well as iGF-Ⅱ, which sequestrates these signaling molecules from pathologic figure 4. crucial insulin cell signaling pathway nodes. the concept of critical nodes in the insulin signaling pathways (dark blue arrows) and the very similar network of igf-ir-dependent signalling (light blue arrows). cytokines [tnf, interleukin (il)-6, leptin] interfere with insulin-dependent pathway (orange and red arrows). the three main nodes in the signal transduction pathway of insulin to its receptor (blue box) paired with the insulin receptor substrate (irS) proteins (light blue box), phosphoinositide 3-kinase (Pi3K) (green), and akt (pink box). jaK, janus kinase; Stat, signal transducer and activator of transcription; SocS proteins, suppressors of cytokine signaling proteins; PtP1B, protein tyrosine phosphatase 1B; erK and jnK, mitogen-activated kinases; p90rSK, ribosomal protein S6 kinase subtype; caP/cbl/tc10, signaling pathway; cDc42, cell division control protein 42 homolog; rac, g protein (roc family); Pten, phosphatase and tensin homolog -the protein encoded by the tumor suppressor gene PTEN; PDK, threonine kinase; aPKc, activated protein kinase c; aS160, substrate for the kinase akt; gSK3, glycogen synthase kinase 3; foXo1, transcription factor involved in gluconeogenesis and glycogenolysis.
receptors, promoting inhibitory effects (29) (30) (31) . Dysregulation of molecular mechanisms involving insulin and igf may be associated with p53 (tP53), the well-studied tumor suppressor protein p53 is known to reduce the expression of both ir and igf-ir in its normal state and overexpression of these receptors in its mutated state (32) .
Several in vitro and in vivo studies, as well as epidemiological analyses, have shown that high levels of insulin and insulin-like growth factors influence cancer development and progression (33) (34) (35) . Multiple prospective studies demonstrated that the risk of malignancy development and cancer-related deaths is associated with increased serum levels of endogenous insulin, increased levels of igf-i, and decreased levels of igfBP-3 (36) .
Metabolic pathways activated by Pi3K are responsible for a wide range of cellular functions, including fatty acid oxidation inhibition and increased glucose consumption by tumor cells. Blockade of signaling pathways related to Pi3K, such as class i inhibitors of Pi3K, mtor, Dna-PK, PlK-1, cK2, atM and PiM-1, may become a therapeutic strategy for treatment of malignancies (37-39).
Abnormal glucose metabolism and colorectal cancer
the european Prospective investigation into cancer and nutrition (ePic) trial demonstrated that hyperinsulinemia, as reflected by increased plasma C-peptide concentration, is associated with a significantly higher risk of developing colorectal cancer, especially rectal cancer (40) . the relative risk of cancer in the patient population with the highest quintile of serum c peptide was ~56% higher compared to the patient quintile with the lowest c-peptide concentration levels.
Similar conclusions were revealed in the nurses' health Study (41) . in this study population of surveyed nurses, high c-peptide level was associated with an increased risk of colon cancer by 76%. Moreover, a high ratio of igf-i to igfBP-3 increased the risk of cancer by as much as 285%. interestingly, high iGFBP-1 levels appeared to significantly reduce the risk of neoplasia.
in a prospective cohort study of 14,000 new york females assessing colon cancer risk, it was found that it increases in c-peptide concentration was associated with increased cancer incidence (42) . additionally, it was reported that subjects in the two highest quintiles of igfBP-1 and -2 serum levels had a decreased colon cancer risk by 52 and 62%, respectively. however, high levels of igfBP-3 appeared to be associated with an increased cancer risk of up to 246%. a similar association between colon cancer and elevated c-peptide concentrations was identified in the Physicians' health Study, a prospective, case-control study (43) . one aspect of this study assessed risk factors for malignancy [including age, smoking, alcohol consumption, body mass index (BMi), and physical activity] and cancer diagnosis. risk factors were highest in subjects in the highest c-peptide concentration quintile.
other studies assessing patients with colorectal cancer have also demonstrated an association between colon cancer diagnosis with elevated levels of insulin, c peptide and ifg-i as well as reduced igfBP-1 concentrations (44, 45) . high levels of c peptide and low levels of igfBP-1 were also associated with increased risk of death in patients undergoing surgical treatment for colorectal cancer, including radical colectomy, hemicolectomy as well as high and low rectal amputations (46) . this association may be partly explained by a prior diagnosis of diabetes mellitus (DM) and its associated multi-organ system complications, concomitant diagnosis of heart failure, the physiologic stress of surgery, and postoperative surgical complications.
Abnormal glucose metabolism and pancreatic cancer
among the various gastrointestinal malignancies, pancreatic cancer is strongly correlated with higher c-peptide concentrations. Michaud et al, in a prospective cohort study of 197 pancreatic cancer patients, determined that the risk of pancreatic cancer diagnosis was increased by 424% in the highest c-peptide concentration quintile (47) . this association was not observed with fasting concentrations of insulin or c peptide. these observations may suggest that prandial insulin levels may play a role in the development of pancreatic cancer.
Abnormal glucose metabolism and liver cancer
the Paris Prospective Study assessed 6,200 non-diabetic French men and identified an association between increased insulin levels and death from liver cancer (48) . the study evaluated both fasting insulin levels and insulin levels after 120 min following initiation of the standardized oral glucose tolerance test (ogtt). this study found that both elevated fasting insulin levels and elevated insulin levels 120 min following initiation of the oGtt were significantly associated with an increased risk of dying from liver cancer. the risk of fatal liver cancer was increased by 272 and 341% in the two highest quintiles for fasting insulin levels and insulin levels 120 min after initiation of the ogtt, respectively.
Abnormal glucose metabolism and breast cancer
recently published studies evaluating the association between derangements in glucose metabolism and subsequent development of breast cancer have demonstrated contradictory findings. in the prospective Nurses' Health Study Ⅱ, ~75% of the female subjects were premenopausal (49). this study found that high concentrations of c peptide were not associated with increased risk of breast cancer. a similar case-control japanese study, evaluating only postmenopausal women, found that increased c-peptide levels were associated with an increased risk of breast cancer, but only in women with a BMi >28 kg/m 2 (50) . a meta-analysis assessing 20 studies, from 1966 to 2007, demonstrated that DM [primarily type 2 diabetes mellitus (DM2)] increased the risk of breast cancer development by ~20% (51) . further studies will be required to determine how DM specifically promotes oncogenesis in breast cancer, in both the pre-and postmenopausal females. Specific questions that need to be addressed include the role of insulin transduction pathways and insulin's effects on cellular proliferation, anti-apoptosis, and sex hormone metabolism.
Abnormal glucose metabolism and endometrial cancer
results from the aforementioned ePic study, a prospective, multi-institutional study of the european population, demonstrated that the risk of endometrial cancer increases with higher concentrations of serum c peptide (52) . when BMi is taken into account, the increased risk of endometrial cancer is as high as 56%. a case-control study conducted in the united States, Sweden, and italy, by lukanova et al, demonstrated similar findings with regard to the relationship between higher c-peptide levels and increased risk of endometrial cancer (53, 54) . after adjusting for BMi, the odds ratio assessing the risk of developing endometrial cancer in the highest quintile of serum c-peptide concentration was 4.40. lukanova et al also assessed the risk of developing ovarian cancer and found no significant correlation between the risk of ovarian cancer diagnosis and elevated c-peptide concentrations. furthermore, the authors demonstrated that increased concentrations of igfBP-1 and -2 were not associated with a reduced risk of endometrial cancer development after adjustment for confounders (53).
Abnormal glucose metabolism and prostate cancer
Multiple studies have assessed the association between DM and the subsequent development of prostate cancer. a meta-analysis, by Kasper and giovannucci , showed that the risk of prostate cancer was ~16% lower in males with DM compared to non-diabetic males (55) . one theory to explain this phenomenon is decreased levels of circulating androgens. Decreased androgen levels are associated with insulin resistance states, as in DM2. reduced levels of endogenous and exogenous insulin may have a protective role in the development of prostate cancer in poorly controlled diabetic males. conversely, a prospective, multi-institutional study with a multiracial population, conducted in the united States and canada by Borugian et al, did not identify any association between serum c-peptide concentrations and increased risk of developing prostate cancer (56) . additionally, roddam et al performed a metanalysis of twelve prospective studies showing little association between prostate cancer risk and igf-i levels (57) .
Ma et al, in a prospective Swedish study, evaluated the impact of many factors associated with impaired glucose metabolism, including BMi, concentrations of c peptide, leptin, glycated hemoglobin (hba1c), fasting glucose, ogtt test results, and an index of tissue homeostasis model assessment of insulin resistance (hoMa-ir) on the risk of prostate cancer development (58) . they observed that the relative risk of death from prostate cancer increased by 56% in patients who were overweight. Moreover, the increased risk of cancer-related death in obese patients was >2.6-fold. additionally, men with c-peptide concentrations in the highest quartile versus the lowest quartile had a higher risk of prostate cancer mortality (hr 2.38). the relative risk of death from prostate cancer in patients with a BMi >25 kg/m² and c-peptide concentration in the upper quintiles was 4-fold higher than in patients with normal BMi and c-peptide concentrations in the lower quintiles. the study suggested a relationship between impaired glucose metabolism and increased risk of aggressive forms of prostate cancer development; however, these findings did not reach statistical significance. According to Ma et al (57) , these results may suggest that in diabetic males, an important factor affecting the initial phase of prostate cancer development is reduced androgen levels whereas in later stages of tumor development, insulin mitogenic effects may play a dominant role; however, further studies are warranted to explore this theory.
Abnormal glucose metabolism and lung cancer
lung cancer has the highest malignancy incidence and mortality rates in developed countries. given its high global prevalence, many molecular studies on lung cancer tumor cell lines and animal models exist. additionally, multiple studies have assessed possible associations between abnormal glucose metabolism conditions and the subsequent development of lung cancer. numerous clinical studies demonstrated no statistically significant association between serum abnormalities reflective of abnormal glucose metabolism and subsequent development of lung cancer (59, 60) . london et al, in a prospective study of chinese men, found no relationship between high concentrations of ifg-i and increased risk of lung cancer (61) . Moreover, they noted a decreased risk of lung cancer with higher igfBP-3 concentrations. on the other hand, a nested case-control study based on the β-carotene and retinol efficacy trial (CAret), an American study assessing lung cancer chemoprevention in smokers and individuals exposed to passive smoking, found that increased igf-i concentrations were associated with a reduced risk of developing lung cancer, while higher levels of igfBP-3 were associated with an increased risk of developing lung cancer (62).
DM, obesity, and the immune system
Diabetic patients have dysfunctional innate and adaptive immune systems, resulting in increased susceptibility to infections and subsequent development of immune system disorders (1, 63, 64) . immune system dysfunction may ultimately lead to increased risk of cancer development. the cell types most actively involved in the destruction of malignant cells are natural killer (nK) cells and natural killer t cells (nKt cells).
nK cells are a type of peripheral blood lymphocyte and account for ~10-19% of peripheral lymphocytes. nK cells are responsible for the phenomenon of 'natural cytotoxicity' and are involved in the early stages of non-specific immune surveillance and response to abnormal foreign and host cells. they are likely derived from a common lymphopoietic progenitor cell line and are subjected to selection mechanisms, as evidenced by the observed phenomenon of hybrid resistance. nK cells belong to a group of immune cells called 'K cells' that are involved in antibody-dependent cytotoxicity. other K cells include, macrophages, monocytes, certain t lymphocytes, neutrophils, eosinophils, and thrombocytes. nK cellular membrane surfaces contain characteristic protein markers, including cD16, 56 and 57. they lack cD3. nK cells are distinguished by their ability to spontaneously kill targeted foreign and abnormal host cells without prior immunization. nK cells identify their targets by evaluating the targeted cell's concentration of surface cell markers. a reduced concentration or complete loss of cell surface molecules, such as class i major histocompatibility complex (Mhc) proteins, activates the nK cell's cytotoxic mechanism and subsequent destruction of the targeted cell. reduction or complete lack of class i Mhc proteins is characteristic of viruses and cancer cells. the class i Mhc status of cells is verified through various receptors, including immunoglobulin-like receptors (Kir, ncr, ilt, lair, lectin receptors), and the cD94/nKg2 family of receptors. Potent activators of nK cells are interleukin (il)-2 and -4, interferon (inf)-α and -γ. nK cell inhibitors include prostaglandin e2 and transforming growth factor-β (tgf-β).
individual differences in nK cell activity levels depend on multiple genetic and environmental factors. Prior studies demonstrated increased nK cellular activity in physically active individuals, especially athletes (1, (65) (66) (67) . reduced activity was observed in individuals with high-fat diets. additionally, it was observed that chronic stress and depression result in abnormal nK cell activity (68, 69) . NK cells were first described in the 1970s when mechanisms of lymphocyte-specific tumor cell cytotoxicity were being investigated (70) (71) (72) . their antitumor mechanisms were confirmed in subsequent animal studies (73, 74) . Prior studies have shown that high nK cell activity is associated with a lower risk of cancer development (75) . Moreover, the activity of these cells in oncologic patients is dependent on the disease phase and progression. nK activity in patients with malignant tumors without distant metastases is generally similar or slightly reduced compared to healthy individuals. on the other hand, NK activity is significantly reduced in patients with metastatic disease (76) .
nKt cells are the subject of many studies evaluating the role of the immune system in autoimmune diseases and malignancy (77) (78) (79) (80) . they are aptly named 'natural killer t cells' due to the cells possessing surface t-cell markers (cD3-tcr complex), surface nK cell markers (cD56, 161 and 94), and marker cD57. Studies suggest that nKt cells mature in the thymus, like B and t lymphocytes. a particularly large number of nKt cells are located in the liver, accounting for up to 40% of total cells in the organ. conversely, nKt cells make up a very small percentage of peripheral blood lymphocytes, accounting for ~1-5% of all peripheral blood t cells (81) . Despite their low number, nKt cells play an important role in immunoregulation. Due to their cytotoxic abilities, nKt cells are likely involved in the elimination of certain pathogens, including viruses, intracellular bacteria, and protozoa, as well as abnormal host cells, such as tumor cells. the nKt cell receptor has low molecular variability and is able to recognize abnormal surface class i Mhc molecules presented by dysfunctional host cells, such as host cells infected by viruses or intracellular bacteria or malignantly-transformed host cells. nKt cells usually lack cD4 and 8 surface markers and, when activated, secrete large concentrations of il-4 and ifn-γ (82) (83) (84) (85) (86) . nKt cells, similar to t cell lymphocytes, may also be subject to immune polarization, an observed phenomenon when immune cells differentiate into distinct effector cell types in response to different cytokines.
Prior studies have shown that obesity and prediabetes are associated with a reduction in both nK and nKt cell activity levels (87) . lynch et al evaluated nK cell populations in three different patient groups: obese individuals with metabolic syndrome, obese individuals without metabolic syndrome, and non-overweight individuals without metabolic syndrome (serving as the control group) (88). the mean age and BMi in both obese groups were comparable. they observed that in obese subjects, peripheral blood nK cell and cytotoxic lymphocyte numbers were significantly lower when compared to the control group. Moreover, regardless of age or actual BMi value, obese subjects without metabolic syndrome had significantly higher percentages of nK and cytotoxic lymphocytes than obese subjects with metabolic syndrome (nK cells 11.7 vs. 6.5%, respectively, p=0.0001; cD8 cells 13.4% vs. 9.3%, respectively, p=0.04). additionally, nK cell activity was also significantly higher in obese individuals without metabolic syndrome versus obese individuals with metabolic syndrome. further studies are warranted to determine whether metabolic disorders play a causal role in the reduction of nK cell number and function or whether a better functioning immune system protects obese individuals from metabolic disorders and complications.
in some organs, such as the liver as discussed above, the percentage of nKt cells is greater than in peripheral blood. examination of human peritoneal samples confirmed such findings (89) . Analysis revealed up to 15% of NKt cells in the peritoneum depending on the nKt cell subtypes (10% inKt, 15% with cD1d expression) compared to ~1% in peripheral blood. compared to healthy controls with normal BMi, the peritoneal iNKt cell number was significantly lower in morbidly obese subjects (p=0.005) and in subjects with colorectal cancer (p=0.004) (89) .
numerous studies suggest that obesity, metabolic disorders, and cancer are accompanied by adverse changes in nK and nKt cell populations, which are manifested primarily by a decrease in cell number and activity. the mechanisms responsible for these adverse immunologic changes are not yet understood.
Conclusions
the most important molecular mechanisms underlying the development and progression of cancer in patients with DM include oxidative stresses, generation of reactive oxygen species and nitric oxide with subsequent damage to cell membranes and Dna, overproduction of lactate byproducts, and pathological overexpression of certain enzymes. additionally, derangements in the insulin-receptor signal transduction pathways and an impaired immune system may contribute to oncogenesis. obesity and metabolic disorders contribute to a chronic inflammatory state, dysfunctional humoral and cellular immune responses, and decreased number and activity levels of nK and nKt cell populations. additionally, studies have demonstrated an association between abnormal glucose metabolism and increased incidence of multiple malignancies, including colorectal, pancreatic, liver, breast, endometrial and prostate cancers. 
